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Submicron spherical V2O5 particles with a uniform size and a lower crystallinity were successfully synthesized by a chemical precipitation-
thermal decomposition technique using the commercial V2O5 powders as starting material. The crystal structure and grain morphology of samples
were characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM), respectively. Electrochemical testing such as
discharge–charge cycling (CD) and cyclic voltammetry (CV) were employed in evaluating their electrochemical properties as cathode materials
for lithium ion battery. Results reveal that the crystallinity and crystalline size of V2O5 particles increased when the thermal-decomposition
temperature increased from 400 1C to 500 1C, and their adhesiveness was also synchronously increased. This indicate that the thermal-
decomposition temperature palyed a signiﬁcant inﬂuence on electrochemical properties of V2O5 cathodes. The V2O5 sample obtained at 400 1C
delivered not only a high initial discharge capacity of 330 mA h g1 and also the good cycle stability during 50 cycles due to its higher values of
α in crystal structure and better dispersity in grain morphology.
& 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Vanadium pentoxide (V2O5) has an orthorhombic layered
structure consisting of VO5 square pyramids sharing edges and
corners, which makes it highly favorable for Liþ intercalation/
deintercalation [1]. Since V2O5 was identiﬁed as an attractive
cathode material for lithium ion battery (LIB) in the 1960s due
to its high energy density, high voltage and low cost, there
have been intensive research activities for V2O5 [2–4]. Crystal-
line V2O5 has a high theoretic speciﬁc capacity of about
440 mA h g1, but its structural modiﬁcation induced by/10.1016/j.pnsc.2015.01.015
15 The Authors. Published by Elsevier GmbH. This is an open ac
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together with the inherent low diffusion coefﬁcient for Liþ
usually lead to its low practical capacity and poor cycle
properties [5,6].
Many researches reveal that the crystallinity, and morphol-
ogy including grain size and grain shape, etc, of V2O5 have a
signiﬁcant inﬂuence on its electrochemical properties [7–9].
Amorphous or low-crystallinity V2O5 allows faster Li
þ
diffusion, displays more stable structure and higher ionic
conductivity, as mechanical stress associated with lithium
intercalation/deintercalation can be more easily absorbed by
small crystallites. Micro- or nano-structured V2O5 can offer
shorter Liþ diffusion distance, higher surface areas contacted
with electrolyte and a larger ﬂexibility for volume changes
caused by Liþ intercalation/deintercalation. Spherical cathode
materials normally have higher volume speciﬁc capacity, better
manufacturing properties and more homogeneous lithiumcess article under the CC BY-NC-ND license
Fig. 1. XRD patterns of the precursor and decomposition products.
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porous structure [10] and Nano-size spherical V2O5 with
hollow structure [11] have been synthesized by a spray-
pyrolysis and self-assembly technique, respectively, exhibiting
better electrochemical properties.
However, nano-size V2O5 are usually obtained by complex
techniques such as thermal evaporation, surfactant assisted
solution and hydrothermal/solvothermal, etc. [1]; and the
preparation of submicron spherical V2O5 by a simpler techni-
que has been rarely reported. The chemical precipitation-
thermal decomposition as a wet method has been widely used
for preparing various oxide powders. It has much advantage
such as facile reaction conditions, simple experiment process,
low material cost and wide industrialization foreground, etc. In
this study, such V2O5 was synthesized by a chemical
precipitation-thermal decomposition technique using the com-
mercial V2O5 as starting material. And the inﬂuence of
thermal-decomposition temperature on their crystal structure,
grain morphology and electrochemical properties were also
investigated.
2. Experimental
Commercial V2O5 (AR, 2.5 g) and H2C2O4  2H2O (CP,
1.6 g) were added into 20 mL of distilled water by vigorous
magnetic stirring to get the suspending system. After the
system was heated to be aboil, the HCl (1:1, 15 mL) was
dropwise added into it. Then the mixture was continuously
heated until it changed into a clear blue solution (VOCl2).
After the concentration of solution was adjusted to 1 mol L1,
the prepared NH4HCO3 aqueous solution with a concentration
0.6 mol L1 was added into the solution accompanied by a
mechanical stirring, until there was no more gas releasing from
the system. In ﬁnal, a brown precipitate ((NH4)2V4O9) was
formed and separated from the solution. The precipitate as the
precursor can be obtained by ﬁltering the resulting solution and
then dried in a vacuum oven at 100 1C for 2 h. The V2O5
powders as a thermal-decomposition product can be obtained
by heating the precursor from room temperature to 400 1C,
450 1C and 500 1C (for 2 h), respectively, in a mufﬂe furnace
full with air. And the ﬁnal products were named as sample A,
sample B and sample C, respectively.
Crystalline phase analysis (XRD) of samples was carried out
by using Philips X’Pert Pro Super; Grain morphology obser-
vation (SEM) of samples was characterized by using JEOL
JSM-5900LV equipment.
The working cathode was composed of 80 wt% V2O5
powder, 15 wt% acetylene black as conducting agent and
5 wt% vinylidene ﬂuoride (PVDF) as binder. After being
blended in N-methylpyrrolidinone, the mixed slurry was
spread on a thin aluminum foil and dried in vacuum for 12 h
at 100 1C. A metal lithium foil was used as the counter
electrode and the electrolyte was 1 M LiPF6 dissolved in a 1:1
by volume of ethylene carbonate (EC) and dimethyl carbonate
(DMC). Finally, the cell was assembled in an argon-ﬁlled and
anhydrous glove box. The galvanostatic charge and discharge
testing (CD) were carried out on a Neware BTS-610multichannel battery test system at a rate of 0.1 C. Cyclic
voltammetry (CV) experiments were performed by using a
LK9805 Electrochemical Workstation at a scan rate of
1 mV s1.
3. Results and discussion
The synthesis process of the as-prepared V2O5 can be
described by four reactions as follows:
3H2C2O4  2H2O þV2O5-2VOC2O4þ8H2Oþ3CO2↑ (1)
VOC2O4þ2HCl-VOCl2þH2C2O4 (2)
VOCl2þ10NH4HCO3-(NH4)2V4O9 ↓þ10CO2↑þ 8NH4Cl
þ5H2O (3)
(NH4)2V4O9þO2-2NH3↑þH2Oþ2V2O5 (4)
It is known that the hypovanadate AxV4O9 can be obtained
by the reaction between the amphoteric oxide VO2 and the
alkaline solution. However, VO2 usually appears as (VO)
2þ in
the acid solution, and it will be transformed into the tawny
polyanion of (V4O9)
2 under the action of weak base [12,13].
In the experiment, the reaction between (VO)2þ and
NH4HCO3 not only generated (V4O9)
2 but also released
CO2 and H
þ for the chemical equilibrium, as described in
Eq. (3). It can be concluded that the release of much CO2 and
NH3 from the system in the process of precipitation (3) and
decomposition (4) can availably depress the conglomeration
and growth of particles, respectively. Therefore, this chemical
precipitation-thermal decomposition process is expected to
form the particles with a smaller size and a better dispersion.
Fig. 1 shows XRD patterns of the precursor and thermal-
decomposition products. By a careful index for many com-
pounds, both the 2θ degrees (30.401 and 40.471) and the
interplanar distances (0.2938 nm and 0.1914 nm) of the two
main characteristic peaks of precursor are only consistent with
the standard pattern for (NH4)2V4O9 (JCPDS ﬁle no. 23-0791),
and its I30.401/I40.471 value (93/100) is also close to the standard
value (86/100). However, due to the disappearance of other
subordinate characteristic peaks, the precursor can be indexed
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the thermal-decomposition products, all diffraction peaks of
samples can be indexed as a purer and crystalline V2O5 with
an orthorhombic structure (JCPDS 41-1426). It is also found
that their crystallinity are lower than that of the commercial
V2O5 and increase with the thermal-decomposition tempera-
ture, when we identify the intensity variation of the (0 0 1)
peak indicating the orthorhombic structure of V2O5. In order to
further investigate the crystallographic evolution of as-
prepared V2O5, the values of their lattice parameters are listed
in Table 1 and compared with the commercial V2O5. It can be
seen that the values of α tend to show an order of sample
A4sample C4sample B4commercial V2O5. While, based
on the diffraction data of (0 0 1) peak, the crystalline grain size
of samples calculated by Scherrer equation gradually increases
with the improvement in decomposition temperature. How-
ever, all the V2O5 samples obtained in the experiment present a
smaller grain size than commercial V2O5. It is believed that the
higher the value of α, the bigger the interlayer distance will be,
and the mobility and distribution of Liþ between layers can be
improved [8]. Moreover, the smaller crystalline grain also
provides a shorter distance for the movement of Liþ . So, the
V2O5 obtained at 400 1C (sample A) as cathodes materials for
LIBs is expected to show a higher discharge capacity and a
better cycle stability.
Fig. 2 shows SEM photos of the commercial V2O5 and the
as-prepared V2O5. It can be seen that the commercial V2O5 as
shown in Fig.2(a) are composed of schistose grains with
uneven size between 0.5 μm and 2 μm. However, all the as-
prepared V2O5 present both a regular spherical morphology
and a uniform particle size. Especially, sample A as shown in
Fig.2(b) provided with a good dispersity. Compared with
sample A, sample B as shown in Fig.2(c) presented a lower
dispersity. While, both a bigger size and a adhesion phenom-
enon has been found in sample C as shown in Fig.2(d), which
is due to the preferential ordering of crystallites at a higher
temperature. Therefore, sample A with the best morphology
can be considered as the well-developed submicron spherical
V2O5 particles with a uniform size of 0.4 μm, where the
good electrochemical properties may be hold in store.
Fig. 3 shows charge-discharge (CD) curves of V2O5
cathodes. In the voltage range of 2–4 V, it can be seen that
there are three characteristic plateaux in the initial dischargeTable 1
Comparison in lattice parameters between as-prepared V2O5 and commercial
V2O5.
a (Å) b (Å) c (Å) D(001)(Å) I(001)% Size
(nm)
Volume
(Å3)
Sample A
(400 1C)
11.5536 3.6638 4.3800 4.3825 77.6 45.1 185.6
Sample B
(450 1C)
11.5441 3.6476 4.3777 4.3740 82.6 51.7 184.3
Sample C
(500 1C)
11.5492 3.5651 4.3833 4.3806 92.4 72.6 180.5
Commercial
V2O5
11.4958 3.6454 4.3637 4.3643 100 91.7 182.8curve of all the samples. These voltage plateaux originate from
the phase transitions of LixV2O5, α (xo0.1)-ε
(0.35oxo0.7)-δ (x¼1)-γ (1oxo3), in the process of
Liþ intercalation into V2O5 [14]. These V2O5 cathodes deliver
an initial discharge capacity with an order of 330 mA h g1
(sample A)4300 mA h g1 (sample B)4278 mA h g1
(sample C), corresponding to an intercalation of about 2.2, 2
and 1.85 mol Liþ into 1 mol V2O5, respectively. So, the
theoretical discharge capacity of 294 mA h g1 that is rarely
reached by crystalline V2O5 [15] has been reached even
exceeded by our V2O5. The high capacity of samples are
mainly attributed to their submicron-size and spherical
morphologies which can reduce the Liþ diffusion pathway
[16–19]. Because the high preferential ordering of V2O5 would
lead to a long pathway for Liþ that is also disadvantageous to
intercalation. So the commercial V2O5 with micron-size and
schistose morphology (usually resulting in its high crystal-
linity) is given the lower capacity, which is in agreement with
the previous studies [10,20–22]. In addition, all the charge and
discharge curves of sample A show three stable plateaux in 50
cycles, indicating its high reversibility of phase transition
during charge and discharge. For the sample B, the disap-
pearance of former two plateaux at the 25th discharge curve
have suggested that the reversible phases (α, ε and δ) gradually
vanished in former cycles and only the γ-phase contributes to
the latter cycles, which reveals its lower reversibility of phase
transition and imply the faster capacity decay than sample A
and C during charge and discharge. For V2O5 cathodes, the
obvious capacity loss after the initial few cycles can be
attributed to the decreased Liþ intercalation in the obsolescent
phase in Li–V2O5 system, accompanied by a heavier structural
distortion [23].
Fig. 4 shows cycle properties of V2O5 cathodes. It is
obvious that thermal-decomposition temperatures have a sig-
niﬁcant inﬂuence on the cycle stability of V2O5 cathodes. The
sample A obtained at 400 1C delivers not only the highest
initial discharge capacity, but also the best cycle stability. Its
capacity becomes stable after 10 cycles and continues to have
80% of the initial value after 50 cycles. The sample C obtained
at 500 1C though have the lowest initial discharge capacity, but
exhibit a better cycle stability than the sample B obtained at
450 1C. These results are conﬁrmed by the analysis for their
crystal structure, as well as consistent with the analysis for the
phase transition during charge-discharge.
Fig. 5 shows cyclic voltammograms (CV) curves of sample
A. The sample A as cathodes exhibits three pairs of cathodic
and anodic peaks at 3.4, 3.2 and 2.5 V in its ﬁrst cycle,
corresponding to the three voltage plateaux in its discharge and
charge curves, respectively. This oxidation/deoxidation pro-
cess can be described as the de-intercalation/intercalation of
Liþ in V2O5, as shown in the following reactions (5)–(9).
Although the peak intensities of the 10th cycle decreased a
little, its shape and peak locations remain similar to that of the
ﬁrst cycle, together with the approximately equal area of
reduction/oxidation peaks and the former analysis for its
charge–discharge curves, the highly reversible oxidation/
reduction process of sample A can be convinced without
Fig. 2. SEM photos of V2O5, (a) commercial V2O5; (b) sample A; (c) sample B; (d) sample C.
Fig. 3. CD curves of V2O5 cathodes, (a) sample A; (b) sample B; (c) sample C.
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be more understood by its highly reversible cyclic voltammo-
grams behavior.
E=3.4 V: 0.5eþ0.5Liþ þV2O5-Li0.5V2O5 (5)
E=3.2 V: 0.5eþ0.5Liþ þLi0.5V2O5-LiV2O5 (6)
E=2.3 V: 1eþ1LiþþLiV2O5-Li2V2O5 (7)
E=2.0 V: 0.2eþ0.2Liþ þLi2V2O5-Li2.2V2O5 (8)
E=2.0–4 V (charge) Li2.2V2O5 -2.2e
þ2.2Liþþ
Li0.4V2O5 (9)
Finally, the electrochemical properties of as-prepared V2O5
are compared with that of commercial V2O5, as listing in
Table 2.4. Conclusion
In this study, submicron spherical V2O5 with a uniform size
were obtained by thermally decomposing the precursor
(NH4)2V4O9, which was synthesized by a chemical precipita-
tion technique using the commercial V2O5 as the starting
material. XRD analysis for the as-prepared V2O5 indicated that
it has a lower crystallinity and larger lattice parameters than the
commercial V2O5. SEM analysis for the as-prepared V2O5
shows that it exhibits a submicron grain size of 0.5 μm and a
regular spherical morphology. Both the crystallinity and the
crystalline size of the as-prepared V2O5 increases with the
improvement in thermal-decomposition temperatures, and
the adhesiveness of particles also increases. Electrochemical
testing suggests that the V2O5 sample obtained at 400 1C
exhibits not only a high initial discharge capacity of 330 mA
h g1, but also keeps a remained capacity of 263 mA h g1
after 50 cycles, making it an attractive cathode candidate.
Fig. 4. Cycle properties of V2O5 cathodes.
Fig. 5. CV curves of sample A.
Table 2
Comparison in electrochemical properties between the as-prepared V2O5 and
the commercial V2O5.
Initial capacity
(mA h g1)
Remained capacityn
(mA h g1)
Sample A (400 1C) 330 263
Sample B (450 1C) 300 128
Sample C (500 1C) 278 180
Commercial V2O5 [24] 220 o100
nAfter 50 cycles (voltage range of 2–4 V).
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